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1. Introduction 
1.1 General Comments 
This report describes the results of field measurements of deformations 
of a small prestressed reinforced concrete highway bridge which was built in 
Champaign County, Illinois, in 1972. Instrumentation to measure strains was 
installed at the time of construction, and strain and camber measurements were 
made on two girders for several years, with initial readings being made before 
transfer of the prestressing force. 
The bridge is the third in which similar instrumentation was installed 
in a study of the long-term behavior of prestressed concrete highway bridges. 
The results of the earlier two studies have been described in Refs. 1 and 2. 
The study has also included analytical investigations of the long-
term deformations, as described in Ref. 3 and 4, and Ref. 5 is closely 
related work which was done under a different project. 
Numerous creep and shrinkage measurements have been made on concrete 
from these structures; part of that data is included in this report. These 
measurements have played crucial roles in aiding the interpretation of the 
measurements made on the three structures. 
The work was originally undertaken in 1965 in order to provide a data 
base for understanding the long-term behavior of prestressed concrete highway 
bridges. There had been no particular problems with bridges built in Illinois, 
but there was some concern about excessive camber that had developed in some 
other bridges which externally appeared to be similar to composite I-girder 
bridges being built in Illinois. There were also questions about the adequacy 
of the specification provisions for the long-term loss of prestress, although 
the questions again were not based on any particular ill-experience. 
The results of the study of this bridge generally lead to the con-
clusion that there are no problems with the long-term behavior of the struc-
ture. The camber remained small over the 1067 day period when measurements 
were made. The final prestressing force is apparently slightly smaller than 
the designer had anticipated, but this problem was primarily a result of 
-1-
-2-
having a low initial force in the steel rather than a result of major 
imprecisions in the calculation method. 
The measured camber and strain values agreed reasonably well with 
theoretical values, where the theoretical values were computed taking into 
account the measured creep and shrinkage properties of the girder and deck 
concrete. This agreement supports the validity of the calculation method, 
and allows greater confidence to be placed in the computed values of quantities 
that cannot be measured~ The establishment of the reliability of the compu-
tatlon methods, through comparison with measured data from in-service 
structures, has formed a major part of the project although it is not the 
most important feature of this particular report. 
Chapter 2 of this report contains a complete description of the test 
structure, and a discussion of the construction procedure. The materials 
used in the bridge are also described. Chapter 3 describes the instrumentation 
installed in two of the girders of the bridge, plus the creep and shrinkage 
specimens and their instrumentation. Chapter 4 presents the measured deforma-
tion data from the bridge and from the creep' and shrinkage specimens. Discussion 
of the creep and shrinkage data is included in Chapter 4, while the deformations 
of the bridge are discussed in Chapter 5, where comparisons are made with 
theoretical values of the deformations. Chapter 6 contains a summary,"'con-
clusions, and recommendations. 
1.2 Acknowledgements 
This work was conducted as part of the Illinois Cooperative Highway 
and Transportation Research Program, Project IHR-93, "Field Investigation of 
Prestressed Reinforced Concrete Highway Bridges,1I by the Department of Civil 
Engineering, in the Engineering Experiment Station, University of Illinois at 
Urbana-Champaign, in cooperation with the Illinois Department of Transportation 
and the U. S. Department of Transportation, Federal Highway Administration. 
The contents of this report reflect the views of the author who is 
responsible for the facts and the accuracy of the data presented herein. The 
contents do not necessarily reflect the official views of or policies of the 
Illinois Department of Transportation or of the Federal Highway Administration. 
This report does not constitute a standard, specification or regulation. 
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2. Description and Construction of Test Structure 
2. 1 Description of the Test Structure 
The test structure is a three-span highway bridge which carries U.S. 
Route 136 east and west over a Sangamon River bypass channel. It has a two 
lane roadway and replaced an old, narrow, deteriorated two span reinforced 
concrete bridge. The bridge is located 1/2 mile (O.B kmJ east of Fisher, 
Champaign County, Illinois, and was built by the State of Illinois as part 
of Section 104, 105 (W, RS) Project F-219(29). The design load was HS-20. 
A photograph of the completed structure is shown in Fig. 2.1. An 
elevation and ,a plan view of the structure are shown in Figs. 2.2 and 
2.3, respectively. Each span contains six precast prestressed I-section 
girders, spaced at B ft-O in. (2.44 m) centers. All girders are 46 ft-2 in. 
(14.07 m) long and 42 in. (1067 mm) deep. There were no end blocks. 
Fig. 2.3 shows a plan view of the structure including the locations of 
the two test girders. These have been designated BX-5 and BX-6. The bridge 
has no skew. No intermediate diaphragms are ,included in the structure although 
the normal design practice in Illinois at the time of construction would have 
included midspan diaphragms. Research work which was in progress at that time 
on the load distribution' be~avior as influenced by.diaphragms (6,7) indicated 
that the diaphragms would have had very little effect on the load distribution 
in this bridge, and they were eliminated. The diaphragms would have been 
placed at the same sections where strain measurements were made, and their 
elimination also simplified the test instrumentation. Diaphragms are present 
over the piers, and they are necessary to the integrity of the structure. 
Fig. 2.4 and 2.5 show a cross-section and an elevation of a girder, 
with the locations of the 7/l6in. (11.1 mm) diameter prestressed strands and 
the non-prestressed longitudinal and stirrup reinforcement indicated. 
Cast over the girders was an Bin. (203mm) thick deck. The deck was 
46 ft (14.02 m) in total width, and 42.5 ft (12.95 m) face-to-face of curbs. 
The deck reinforcement is shown in Fig. 2.6 and varies for locations near a 
pier and near midspan. In building the deck formwork, a small fillet was 
provided to allow modifications of the camber in the girders so that the 
correct final deck elevation could be attained. The deck was thickened to 
1B in. (457 mm) near the ends of the structure in order to stiffen the deck 
at those locations. 
-3-
Fig. 2.1 Photograph of Champaign County Test Structure 
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Two different types of bearing devices were used, and were located as 
shown in Fig. 2.7. The superstructure was fixed relative to the east pier, 
and the beams rested there on 1 /2-in. (12.7 mml thi ck fabric-reinforced rubber 
pads. Dowel bars extended into thediapnragm which was cast at the east pier 
to complete the fixing of the structure. 
The other bearings were elastomeric pads which were either 2 1/8 in. 
(54mm) or 3 1/8 in. (79 rum) thick, depending on the distance fram the fixed 
point in the structure. The thicker pads were also wider, as indicated on 
the drawing, and all pads were 18 in. long. The e1astomeric pads were made 
of ch1oroprene (a synthetic rubber) and contained bonded metallic shims. 
The piers were of solid reinforced concrete, 26 in. (660 mn) thick, 
and had a 30 in. (762 mm) wide cap. They were supported on 35 ft (10.7m) long 
creosoted timber piles driven into a layer of medium dense clean gray sand with 
some gravel. 
The abutments were also of reinforced concrete and were supported on 
65 ft (19.8m) long cast-in-place concrete piles founded in the same soil layer. 
The piers and abutments were cast in September and October of 1971. 
The girders were cast the following March and placed in April. On 3 May 1972, 
the deck was cast and the structure was finished in early June of that year. 
The bridge was opened to traffic in October, 1972. 
2.2 Construction of the Bridge 
2.2.1 Manufacturing of the Girders 
The girders were manufactured by the Centralia, Illinois plant of 
Nelsen Concrete Products (now the LaBarge Corporation). They were cast six 
at a time on a 300 ft (91 m) long prestressing bed. The bed was located out-
doors and was heated only during curing of concrete by steam pipes running 
under the bed. 
A chronology of the casting operation is shown in Table 2.1. The times 
apply to casting of the two test beams, BX-5 and BX-6, and indicate when each 
operation was begun and completed. The total elapsed time for the beam man-
ufacturing was 102 hours beginning at 8:00 am, Friday, 3 March 1972. The time 
extended over a weekend, and members are not norinally on the prestressing bed 
that long. 
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Table 2.1 Chronology of Girder Construction 
DATE TIME ELAPSED TASK 
(1972) TIME 
3 Mar. 8:00 am 0:00 Ged clean, bulkheads and hold downs 
set, all strands placed 
8:40 0:40 Start stressin<] strands 
11:30 3:30 Finish stressing strands 
1:00 pm 5:00 Start placement of deformed bars* 
4:30 8:30 Finish placement of deformed bars* 
4 Mar. 9:00 am 25:00 Begin to set forms ['", 
:%.;... 
10:40 26: 40 Finish setting forms 
1:10 pm 29:10 Start placing concrete ~ ~ 
3:c)0 31:00 Finish casting ~ 
4:00 32:00 Start steam curing f 
i 
5 Mar. 7:20 am 47:20 Start stripping forms • 
8:00 48:00 Start installing gage points t .;. 
! 
6 Mar. Install Gage Points i ! 
7 Mar 8: 30 d:"'" 96:30 Start zero readings ! :to 
~, 
10:30 98: 30 Finish zero readings 
1 : OJ pi 101:00 Start cuttin0 strands ( 
2:00 102:00 Finish cutting strands and move to 
storage 
\ 
! 
L 
I 
r' 
I 
I 
*Non-prestressed reinforcement 
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At the starting point in the chronology, the hold-downs used to deflect 
strands at the drape points, and the end bulkheads had been set. Most of the 
24 prestressed strands had been strung through the end anchorages, bulkheads 
and ho 1 d-downs. 
Tensioning of the 7/16 in. (11.1 mm) diameter Grade 250 (1720N/mm2) 
strands began almost immediately. A hydraulic ram and pressure gage, which 
had previously been calibrated against a load cell by Illinois DOT personnel, 
were used to control the pretensioni.ng force. The workmen experienced difficulty 
in stressing the four draped strands as the measured elongation was found to 
be significantly less than required when the design force had been applied. 
The low elongation was caused by friction in the draping devices, and was much 
more severe than in many other cases because there were six beams on the pre-
stressing bed, meaning that there was a very large number of draping points. 
In addition, the bearings on the rollers on the stands holding the strands up 
between ends of adjacent beams were so corroded that many rollers were not free 
to turn even when there was no load on them. This was the first time that 
42 in. (1067 mm) beams had been made in this plant, and the first time six 
beams had been set up on a single bed. 
This problem was finally partially overcome by stressing the four draped 
strands from one end of the bed, then from the other, and finally from the 
first end again. The total of the three components of elongation was then 
large enough to satisfy the requirements of the specifications, when the strands 
were anchored at their specified force. 
The remaining non-prestressed reinforcement was installed next. Much 
time was spent in hand-tying this in place, as little prefabrication had been 
done. The stirrups had been partially assembled into groups by welding them to 
longitudinal bars located 8 in. (200 mm) and 22 in. (560 mm) down from the tops 
of the stirrups. The longitudinal bars were not shown on any plans, and were 
not continuous along the lengths of the girders. The side forms were then 
placed. 
Soon after finishing the formwork, the first concrete was placed. Two 
lifts were required for each beam. Each section of formwork was equipped with 
two air vibrators and an internal air driven vibrator was also used. The con-
crete was placed in about 2 hours and the beams were struck off and finished 
-14 
with a wooden float shortly thereafter. The tops of the beams were covered 
with wet burlap and over that was placed a plastic-coated canvas or burlap 
which hung to the ground. The beams were cured under this shelter with heat 
from the steam pipes. There was no free steam, but instead radiant heat 
from the hot pipes. The side forms were removed 16 hours after the last con-
crete was placed and the beams recovered with the plastic-coated canvas. The 
air temperature under the canvas ranged from 70° to 100°F (24° to 38°C) during 
the curing period and was influenced by changes in wind direction. 
Release of the prestress force began 70 hours after casting of the beams. 
The strands were flame cut, beginning with the draped ones. The hold-downs were 
then released and the straight strands cut. The procedure was to cut 2 or 3 
strands at one end of the bed, move to spaces between the beams and cut 2 or 3 
more at each gap, cut a few more at the other end of the bed, and then start over 
at the first end. Ordinarily strands are heated over several inches to relax the 
stress before the actual cutting. However, little care was taken in preheating 
in this case, and as a result many strands failed violently when cut. 
The beams were then moved from the p:estressing bed to storage, still 
out of doors. They were placed on two small wooden supports near the ends of 
the beams. The locations of the girders at various times during construction are 
shown in Table 2.2, and the support locations are shown in Fig. 2.8. 
The girders had lifting hooks cast in about 20 in. (500 mm) from each end. 
The girders were lifted by means of a straddle-truck while they were in the plant 
and by means of a single crane later. They were transported to the job site 
one at a time on pole-trailers. 
Test cylinders, containing concrete samples from several batches of 
concrete, were cast at the same time as the beams. They are discussed further 
in Chapter 3, as is the instrumentation installed in the beams. 
2.2.2 Construction of the Deck 
The girders were shipped to the bridge site in early April, 1972 and 
set in place that same month. One was found to be 1 1/2 in. (38 mm) too long. 
Construction of the deck formwork began shortly thereafter. The form-
work was all wood, and consisted of 3/4 in. (19 mm) plywood and various 2 in. 
(50 mm) nominal thickness timbers. It was supported entirely from the girders 
by means of the steel rods which screwed into steel brackets placed across the 
tops of the girders. 
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Table 2.2 Girder Construction and Locations 
4 March 1972 Cast Girders BX-5~ BX-6 
7 March 1972 Transfer prestress and move beams off beds to storage 
28 March 1972 GX-5 arrives at bridge site and is set on piers 
4 April 1972 BX-6 arrives at bridge site and is set on piers 
3 May 1972 Cast deck 
Table 2.3 Girder Concrete Mix 
Ingredient Amt (1 bl cu yd) kg/m3 
Cement (type III) 705 418 
Sand 1110 659 
Stone 1974 1171 
Water 244 145 
Air Entraining Agent 0.813 0.475 
Water Reducing Agent 2.656 1.576 
Table 2.4 Girder Concrete Properties 
AGE FIELD FOG LAB 
(Days after fl E. fl E. fl E. c 2 1 C 1 C 2 1 Casting) kline 103k/i n. 2 k/in. 2 103k/in. 2 103k/in. 2 K/in. 
4 days 5.63 4.29 
32 days 6.59 4.98 6.89 5.50 6.03 4.99 
68 days 7.19 4.77 7.61 5.24 6.80 4.50 
367 days 7.03 5.08 8.73 5.05 6.50 4.17 
2 N/mm2 1 kline = 6.895 
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The deck reinforcement consisted of #4, #5, #6, #7, and #8 (12.7, 15.9, 19.1, 
2 22.2 and 25.4 mn diam) deformed bars, all Grade 40 (fy = 276 N/mm ) steel, and was 
supported on bar chairs. Sixteen-gage (1.6 mm) soft iron wire was used in the 
assembly. See Chapter 3 for a description of the deck instrum~ntation. 
The deck was cast 3 May 1972. The concrete was delivered to the job 
site by mixer trucks and then placed with a crane and bucket. Placement of the 
concrete began at the east end of the bridge and took about 8 hours. 
The casting operations included the following steps: 
1) Place concrete from bucket 
2) Vibrate with internal vibrators 
3) Level some with shovels and rakes 
4 ) Use fin ish i n g ma chi n e 
The finishing machine was a lIGomaco" brand machine that rode on long-
itudinal rails mounted on the top of the forJ'l'Mlork for the parapet of the bridge, 
and consequently the transverse bridge of the machine spanned the full width 
of the structure. The finishing component of the machine was suspended below 
the transverse bridge on rails adjusted to match the crown in the deck and 
moved laterally across the width of the bridge structure at the same time as 
the entire finishing machine moVed longitudinally along the structure. The 
principal working element in th.e machine was a rotating cylinder which had a 
short length of auger attached to the forward end. The cylinder rotated in 
the proper direction to allow the auger to push any excess concrete forward 
along the bridge deck, and the rotating cylinder tended to push down any pieces 
of large aggregate and draw the cement paste to the top surface of the deck. The 
rotating cylinder was moved back and forth across the deck as the entire machine 
moved forward, and the deck was finished relatively closely to the final grade 
once the machine was past a given point. The final step in the machine finishing 
operation was a floating operation with a float that was pulled across the deck 
by the same part of the mechine that supported the cylinder. Additional hand 
operations followed: 
5) Float surface with a long-handled bull float 
6) Hand finish and float areas near the edges, where the curb was to be 
cast. 
7) Broom surface to get a rough texture. 
-18-
The deck was covered with burlap and plastic sheeting and kept wet for 
about a week. The use of the finishing machine allowed casting of a full width 
deck and therefore the elimination of longitudinal construction joints. The 
curb sections were cast a week later. 
2.3 Materials Used in Bridge 
2.3.1 Concrete 
The concrete used in the girders was made with the mix shown in Table 2.3. 
The cement:sand:gravel ratio was 1:1.57:2.80 by weight, and the added water to 
cement ratio is 0.35. The total water/cement ratio was estimated to be 0.44. 
The air content of the beam concrete varied from 4.4 to 5.5 percent and averaged 
5 percent. Measured slump varied from 2 1/4 in. (57 rnm) to 2 3/4 in. (70 mm) 
and averaged 2 1/2 in. (64 mm). 
The girder concrete had a specified cy1 inder strength of fl = 5000 lb/in. 2 
c 
(34.5 N/mm2) at 28 days and a required minimum strength. of 4000 lb/in. 2 (27.6 N/mm2) 
at time 0 f t ran s fer 0 f the pre s t re s s . At 67 h 0 u r s aft e rca s tin g 0 f the b ea ms, f t 
averaged 5615 lb/in. 2 (38.7 N/mm2), based on the cylinders tested by Illinois DO~. 
T his val u e was use din allow i n g t ran s fer 0 f pre ten s ion i n g . 
The compressive strengths and initial values of Youngts modulus at 
various ages of the test cylinders are listed in Table 2.4. They are grouped 
according to storage location. 
The deck concrete was specified as Class X, and the compressive strength 
was to be a minimum of fl = 3500 1b/in. 2 (24.1 N/mm2) at 14 days. 
c 
The concrete mix used in the deck is shown in Table 2.5. The amount of 
mixing water is not known. The measured slump ranged from 2.5 to 4 in. (64 to 
lOOmm), and the air content from 5.4 to 7 percent. The compressive strengths 
and initial values of Young's modulus at various ages are shown in Table 2.6 for 
test specimens stored in the lab, fog room, and in the field. 
Samples of beam and deck concrete were taken during the casting of each. 
These specimens were used in strength, creep, and shrinkage tests. The specimens 
are described in detail in Chapter 3. 
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Table 2.5 Deck Concrete Mix 
Am t (1 b / c u y d ) 
564 
1172 
2078 
but about 230 
not known 
not known 
Table 2.6 Deck Concrete Properties 
AGE FIELD FOG 
Days After f' E. fl E. c 1 C 1 Casting k/in. 2 103k/in. 2 k/i n. 2 lO3 k/ in 2 
8 days 3.36 2.93 
31 days 4.36 4.06 4.30 3.82 
101 days 3.55* 4.10 4.39 4.07 
* 2 cylinders only 
** 1 cylinder only 
1 k/in. 2=6.895 N/mm2 
Table 2.7 Steel 
Bar 
Size 
4 
5 
6 
7 
8 
Deck 
f f 
Y ? u1t 2 (k/' '-\ (k/in. ) , , n. j 
5? n 
'-. '~ 76.4 
47 . 5 74.4 
55.3 87.5 
58.0 78.3 
49.0 80.4 
1 k/in.2 = 6.895 N/mm2 
8 in. = 203 mm 
E 
ult 
% in 8 in. 
25.7 
16.6 
15.4 
17.1 
18.8 
Strength Data 
f 
y 2 ( k/ in. ) 
47.5 
LAB 
fl E; 
C 2 
k/in. 103k/in 2 
4.40 3.99 
3.48** 4.58 
Girder 
f EU 1 t ult 2 (k/in. ) % in 8 ; n. 
78.7 12.8 
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2.3.2 Reinforcement 
The prestressed reinforcement was 7/16 in. (11.1 rom) diam 7-wire strand 
meeting the requirements of ASTM A-416. The specified minimum ultimate stress is 
248 k/in. 2 (1710 N/mn2) and minimum elongation is 3.5% in. in a 24 in. (610 mm) 
gage length. 
The strands used in the prestressed girders come from three different rolls. 
Representative stress-strain curves for samples from two rolls are shown in 
Fig. 2.9. Young's modulus was 27.5 x 103 or 28.0 x 103 k/in. 2 (189.6 or 193.1 
kN/mm2) for the two rolls. Three samples failed at sections away from the grips, 
at stresses from 268.9 to 271.5 k/in.2 (1854 to 1872 N/mm2). A fourth sample 
failed in the grip at 261.6 k/in. 2 (1804 N/mm2). 
Non-prestressed reinforcement was specified as ASTM A-615, Grade 40. 
Two samples of each bar size used in the deck was tested. Of the girder steel, 
only #5 bar (15.9 mm) stirrups were tested. The average yield and ultimate 
stresses as well as ultimate elongations are listed in Table 2.7 for each bar 
size. Stress-strain curves for each different bar size are shown in Fig. 2.10. 
2.4 Basis for Design of Test Structure 
The structure was designed to meet the requirements of the 1969 AASHO 
Bridge Specification (8), except that no span diaphragms were used in the 
structure. The design loading was HS-20, with appropriate impact factors. 
The structure may be described as being three simply supported spans 
for dead load, but at the same time as a three-span continuous structure for 
live loads, because of the manner in which it was constructed. The girders 
were simply supported on the piers and abutments, and the form work for the 
deck was supported by the girders alone. The girders supported the full dead 
load of the deck acting as simply supported spans, since the deck was placed as 
wet, fluid concrete. 
Diaphragms were cast over the piers at the same time as the deck was 
cast. These filled the small spaces (4 in. (100 mm) nominal length) between 
the ends of the beams, and surrounded the ends of the beams. Once this concrete 
had set, it was then available to resist compression forces from moments set 
up at the piers by any loadings. 
The tension force necessary to resist negative moments at the piers 
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was provided by reinforcement tn the deck. There was already a relatively 
large amount of reinforcement present in the deck, and this was supplemented 
near the supports to provide the moment capacity to resist the negati.ve moments 
caused by live loads. Capacity was also provided for moments due to dead loads 
applied after the deck had been cast, including the curbs and parapets, and a 
future 25 lb/ft2 (1.2 kN/m2) topping of asphalt. This reinforcement was pro-
portioned using the ultimate strength design with appropriate load factors 
from the 1969 AASHO Specifications. 
The positive moment regions were designed considering both allowable 
stresses at service loads and the required ultimate moment capacities. The 
design and analysis were parallel to the construction sequence. The structure 
was assumed to resist all dead load forces caused by the weights of the beams 
and deck by bending of the precast I-section girder. All live load forces and 
dead load forces caused by loads applied after the deck concrete had cured were 
assumed to be resisted by a composite section composed of the precast girder 
plus an 8 ft (2.44 m) width of deck. The tension reinforcement area was con-
trolled by the service load stresses, and the ultimate moment capacity was 
greater than the minimum requirements of the AASHO Specifications. 
Stresses were checked at two separate construction phases. The con-
crete stresses inmediately after transfer of the prestressing force to the 
concrete had to be within the range of 2,400 lb/in2 (16.5 n/mm2) compression 
to 210 lb/in 2 (1.45 N/mm2) tension for the specified fl = 4,000 lb/in. 2 
~ c 
(27. 6 N/rr{: d: ~ rans fer. The tens i on at the top of the gi rder under its dead 
load plus !~f l~~tial prestressing force was too large, and the four straight 
strands at :ne ::~ of the section were added to counter this problem. 
Stre~ses were also checked at full service load including all dead 
loads, live ~odd. and impact. Compressive stresses were limited to less than 
2,000 and 14CJ~f lb/in. 2 (13.8 and 9.7 N/mrrl) for girder and deck concretes, 
respectively. 7ension was limited to 210 lb/in. 2 (1.45 N/mm2) for the girder 
concrete. The stresses were computed assuming that the loss of prestress was 
19.5 percent of the initial steel tension of 173.6 k/in.2 (1197 N/mm2). The 
girder and deck concretes had specified compressive strengths of 5,000 and 
3,500 1b/in. 2 (34.5 and 24.1 N/mm2) , respectively. The Youngts modulus of the 
deck concrete was assumed to be lower than that of the girder by the ratio of the 
values of 1fT, and a transformed section was considered when stresses were 
c 
calculated. 
3. Instrumentation and Concrete Test Specimens 
3.1 Introduction 
This chapter describes the various kinds of instrumentation used in 
determining strand forces, deflections, strain distributions, temperatures, 
and cracking. The devices and details pertaining to their use are described. 
In addition, descriptions are given of specimens which gave auxiliary informa-
tion on strength, creep, and shrinkage of concrete. 
3.2 Strand Force Measurements 
Prestress forces were measured at the a~chorage (North) end of the pre-
stressing bed on 6 of the 24 strands. Measurements were taken during the pre-
stressing operation and at intervals until the strands were released. The 
locations of the 6 strands are shown in Fig. 3.1. 
The force measurements were made with aluminum sleeve load cells 
which were instrumented with bonded wire electrical resistance strain gages, 
with the four gages on each sleeve arranged as a four-arm bridge. The sleeves 
were of 6061-T6 aluminum, 1-3/8 in. 00, 5/8 in. 10, and 6 in. long (34.9 mm 
00, 15.9 mm 10, and 152 mm long). The sensitivity of the load cells was about 
48 lb (214 N) per 10-5 deviation on a portable strain indicator. Each load 
cell had been calibrated by 10ading in a testing machine. 
Forces were measured in each strand just after it was tensioned and 
immediately after all 24 strands had been tensioned. The readings were re-
peated just before and after transfer of the prestressing force. 
3.3 Strain Measuring Instrumentation 
3.3.1 Electric Strain Gages 
Six Carlson Elastic Wire Strain Meters were installed in the forms for 
each of the two test beams before casting of the concrete, and were located 
as shown in Fig. 3.2 and 3.3. Three additional gages were installed in the 
deck above each of the girders. Their locations are shown in the same figures. 
The lead wires for the gages embedded in the girder were brought out 
through the top surface of the beams near the gage locations. The lead wires 
were full length so no field splicing would be necessary, and were left coiled 
on top of the beams until the deck formwork had been completed. (The gages 
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were supplied with short leads, and long leads were spliced on by the Civil 
Enginee.ring Department Instrumentation Shop and the splices were carefully 
waterproofed.) The lead wires were strung along the tops of the girders to a 
point at the west end of the bridge after the girders were erected. Three holes 
were drilled in the formwork and a 2 1/2 in. (64 mm) pipe street-el was inserted 
in each hole. The wires were led through the pipes and any gaps stuffed with 
rags to seal against the concrete. 
The Carlson Strain Meters, as described in Ref. ~ are unbonded wire 
resistance gages. Each gage contains two arms of a Wheatstone bridge circuit, 
and the remaining arms are in a portable meas.uring set. Changes in strain 
were related to changes in relative resistance of the two arms of the bridge, 
and temperatures were determined by measuring the total resistance of the same 
two arms. The measuring set includes a fixed resistance, a variable resistance, 
a galvanometer, and operated on DC current. 
3.3.2 Mechanical Strain Gages 
A number of mechan i ca 1 s tra i n gage 1 i nes were ins ta 11 ed in each tes t 
beam before transferring the prestress force. The locations and designations of 
the strain gage lines at the midspan and quarter-points are shown in Fig. 3.4. 
Location and designations of the strain gage lines near the ends of the beams 
are shown in Fig. 3.5. Identical patterns were used on both sides o~BX-6 
and the same pattern was to have been used on both sides of BX-S. However due 
to a mechanical breakdown in one of the drills used in making the gage points, 
the north side of BX-S contains only gage points at midspan. Beam BX-6 con-
tains a total of 104 strain gage lines, while BX-5 contains 62 such lines. 
Several steps were involved in the installation of the gage points in 
the hardened concrete. The sequence was as follows for each gage point: 
1) A 1/4 in. (6.4 mm) diam, 3/4 in. (19 mn)deep, hole was drilled with 
an electric hammer-drill and a masonary bit with a carbide-tip_ 
2) The hole was cleaned by blowing out with a tire pwmp. 
3) The hole was partially filled with an epoxy which had a setting time 
of about 20 minutes. C'Aerobond" No. 2209, made by the Adhesive 
Engineering Company). 
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A 1/4 in. (6.4 rom) diam by 1/2 in. (12.7 mm) long stainless steel hex 
head cap screw was inserted into the epoxy filled hole, and the epoxy 
was allowed to set. 
The head of the cap screw was lightly marked with a punch specially 
made to mark the desired 10.0 in. (254 mm) gage length. 
A conical hole was drilled through the mark with a high speed electric 
drill, using cutting oil as a lubricant. The bit was a No.1 Center 
Drill. 
The shavings and cutting oil were cleaned away from the bolt head using 
a pressurized can of television-tuner cleaner. It was equipped with a 
flexible plastic tube nozzle to direct the spray into the drilled hole. 
A cross-section of the completed gage point is shown in Fig. 3.6. The 
conical hole had a 60 0 included angle and a 1/8 in. (3.2 mm) ·max diam. The heads 
of the cap screws protrude by their thickness and there is some excess epoxy 
beyond the face of the concrete, but no difficulties have been experienced to 
date with damage to gage points. The gage points survived both transportation 
of the girders and construction of the deck form work. 
All strain gage lines were read immediately before and after release 
of the prestress strands and·-at several intervals of time after that. 
Temperature compensation has· been provided by means of a steel standard 
bar with a 10.0 in. (254 rrm) strain gage line. The relatively heavy 2 in. 
(50 mm) bar has been used so that it would respond to temperature changes 
slowly and in addition would be stiff enough to permit repeatable readings in 
the absence of uniform bearing conditions under the bar. A thermometer in-
serted longitudinally in the center of the bar was used to determine the time 
when the bar reached ambient temperature. The standard readings were used as 
an aid in interpreting the results of the strain readings. 
It should be recognized that temperature equilibrium occurs within an 
exposed structure only occasionally, such as just before dawn or under heavy 
overcast conditions prevailing for at least several hours. Most of the time, 
however, some parts of the structure are in the sun while others remain com-
pletely shaded. The technique adopted as standard was to place the standard 
bar on the concrete structure and always in the shade, and allow it to come 
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to temperature equilibrium before taking strain readings. An additional problem 
exists as the coefficients of expansion of the concrete and the steel standard 
bar are not quite the same. The difference may become significant for a tempera-
ture range of 50 0 F or greater. This is further discussed in Secs. 4.2 and 4.3. 
3.4 Deflection Measurements 
Deflections were measured using a precise level and level rod. Deflection 
plates were cast into the top surfaces of each beam at midspan and near each end, 
as shown in Fig. 3.7. After the deck was cast, readings were taken from below 
the bridge at points marked on the underside of the beams. Once again the points 
were at the midspan and ends of each beam. Elevation readings were made at 
each of the 3 points on a surface of the beam, and the camber computed as the dif-
ference between the midspan elevation and the average of the ends of span elevations, 
wit hac a r rOe c t ion rna de for the in i t i ali r reg u 1 a r i ties i nth e sur fa c e pro f i 1 e . 
This eliminated the need of providing bench marks. 
The deflection plates were 1 in. by 1 tn. by 1/4 in. (25 by 25 x 6 mm) 
stainless steel plates welded onto a 2 in. (50 urn) length of #4 (12.7 mm) 
reinforcing bar. They were inserted into the top surface of the beam after 
concrete finishers had finished striking off the concrete. 
Level readings were taken immediately before and after transfer of 
prestress and have been taken at appropriate time intervals since that time. 
A WILD N-3 precise level and a specially prepared rod as described in Ref. 9 
were used to make the readings. The minimum reading with this instrument is 
0.0005 ft (0.15 mm), with readings repeatable to 0.001 ft (0.30 mm), at the 
sight distances required. 
3.5 Temperature and Humidity Measurements 
Using copper-constantan thermocouples encased in copper tubing, te~pera­
ture measurements were taken at several points in the two test beams. Thermo-
couples were installed in BX-5 as shown in Fig. 3.7, at midspan, near the top 
and bottom of the beam and at the east end near the bottom of the beam. A thermo-
couple was also installed in the deck above midspan of BX-5. One thermocouple 
was installed in beam BX-6, at midspan near the bottom of the beam . 
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End of Span Deflection Plate 
Midspan I 
Deflection ~ 
Plate I 
End of Span Thermocople Location 
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Fig. 3.7 Typical Locations of Deflec:ion Measuring Points and Thermocouples 
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The wi_res of those thermocouples installed in the gl'rders extended only 
to the surface of the girders and addftion~ lengths of copper and constantan 
wire Vlere sp1 iced after the deck for:tl1r'Jork was fi nished. All wires were led 
th.ro-ugh 1/4 in. (61TDl1) TO plastic tubing along the top surface of the beams 
to the west end of the bridge where tney were extended through the same pipe 
elbows as the Carlson Strain Meter lead wi-res. 
The thermocouples were used in order to obtain information about the 
difference between the temperature of the structure and that of the surrounding 
air, and to check the temperature reading obtained from the Carlson Strain 
Meters. 
A temperature and humidity recorder vIas used to record weather con-
ditions. It was placed at the north end of the prestressing bed during the 
time of the manufacturing of the test girders and between the girders during 
storage. 
3.6 Cracking Observation 
The end zones of the gi.rders were e.xamined immediately after release of 
prestress and several times later. Cracks were visible in all four end zones 
and were located either at or within 1 in. (25 mm) of the junction of the web 
and the lower flange. The cracks were all quite narrow, from 0.005 to 0.007 
in. (0.13 to 0.18 mm) wide. Widths of cracks were measured with an optical 
comparator, Wh1C~ had a reticle with various width lines ruled on it. The west 
end of BX-6 had ~wo anchorage zone cracks, the second showing up only after a 
rain. It Wd~ f'J: 1 r-.ated to be 0.002 to 0.003 in. (0.05 to 0.08 lTD1J) wide and 
was near ti-e :~".e1 of gage line 31. A typical crack location is shown in Fig. 3.1. 
The c~~crete test specimens were made with samples of the concrete used 
in the gi rder~, c'"'·~ deck. They were used for determination of strength and Young I s 
Modulus, for s~r~~~age measurements, and in creep tests. 
About 65-6 by 12 in. (150 by 300 mm) cylinders were made of beam con-
crete sampled from buckets 2 through 5 which were being used in BX-5 and BX-6. 
The cylinders were cast in disposable sheet-metal molds. 
Thirty-three cylinders were used as creep and shrinkage specimens and 
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the remaining cylinders were tested fn compression at various intervals as shown 
in Table 2.4. The cylinders were divided i,nto three groups and stored either 
in the field, in a fog room where they were kept continuously moist, or in a 
lab room where t~perature and humidity was kept constant. 
The locations of the fi,eld-stored specimens need to be clarified. The field 
specimens for the girders were left at the prestressing plant for four weeks, 
and were moved at about the time the girders were moved from the prestressing 
plant. The concrete specimens were then taken to Urbana, and stored outdoors 
in a fenced area at the NE corner of the Civil Engineering Building of the 
University of Illinois. There was no suitable place to keep the specimens at 
the bridge site. The bridge site is about 19 road miles (32 km) NW of the Civil 
Engineering Building, and it is believed that the weather factors which may 
influence creep and shrinkage are not significantly different at the two sites. 
Th~ dates at which the various girder and deck specimens were moved, together 
with information about times of the initial strain readings and of loading of 
creep specimens are summarized in Table 3.1. 
In each creep and shrinkage cylinder, three 10 in. (254 mm) gage lines 
were installed for use with the Whittemore gage. The lines were spaced around 
the cylinders at 1200 intervals. The same procedure was used to install the 
gage points in the cylinders as was used to install gage points in the test 
beams . 
Creep specimens were loaded to a unit stress of 1000 psi (6.895 N/mn2) , 
and the load maintained by means of a heavy coil spring in a creep rack. Each 
creep rack held three cylinders and was arranged as shown in Fig. 3.8. The 
load was applied using a 30-ton (267 kN) hydraulic jack, and then was held by 
tightening the nuts just above the plate over the spring by 1/4 turn from 
finger-tight. The load was readjusted regularly to compensate for the loss 
of stress resulting from creep. 
Three creep racks were loaded 3 days after the beams were cast and 
three more were loaded 2 days after the deck was cast, approximately 62 days 
after casting of the girders. Each of the creep racks was designated Ifie1d", 
"fog", or "lab", according to storage conditions. 
Fifty-four, 6 by 12 in. (50 by 300 mm) cylinders of deck concrete were 
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4 Mar 1972 
7 Mar 
9 Mar 
4 April 
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3 May 1972 
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11 May 
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Table 3.1 
Days After 
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-3 
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28 
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Creep and Shrinkage Specimen Age Data 
Girder Concrete 
Concrete Event 
Age - Days 
0 Girders cast 
3 Creep racks loaded, Initial strains 
on creep and shrinkage specimens. 
5 Lab specimens taken to Lab 
31 Field specimens taken to Urbana 
62 Creep racks loaded 
Deck Concrete 
0 Deck Cast 
All specimens taken to Urbana from 
bridge site 
7 Initial readings on shrinkage specimens 
8 Lab creep racks loaded 
9 Field creep rack loaded 
1" Plate 
1" Plate 
111 Plate 
2" Plate 
6 X 6" Cy1 inder 
6 X 12" Cylinder. 
1" Sa 11 
1" Plat 
Nuts 
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made. Six concrete blocks, each 8 by 14 by 28 in. (203 by 356 by 711 mm) were 
cast as larger scale shrinkage specimens. All the cylinders were cast from 
the same load of ready-mix concrete which was used near midspan of the center 
span of the bridge. The shrinkage prisTI5 were made from the following load. 
Twenty-four cylinders were prepared for strain measurements. Of the 
24, nine were creep specimens, and fifteen were shrinkage specimens. 
The prismatic shrinkage specimens of deck concrete were cast in wooden 
forms, and after hardening of the concrete, strain gage lines were installed 
as shown in Fig. 3.9. 
Cylinders of the deck concrete were tested in compression at the 
intervals indicated in Table 2.6. Three creep racks were loaded a week after 
casting of the deck. 
The field and fog-room stored creep specimens were unloaded in June of 
1976, after one stack of cylinders in the fog room failed after the plaster 
between the cylinders had partially leached out, leaving a serious stress 
concentration which split one of the cylinders lengthwise. 
3.8 Coefficient of Thermal Expansion of Concrete 
The coefficient of thermal expansion of concrete is influenced by many 
factors, including the type of aggregate, the mix proportions, the moisture 
content at the time considered, and the age of the concrete. Neville (10) shows 
that the coefficient may vary from about 3.4 x lO-6 j O F to 7.3 x lO-6 j O F (6.1 to 
13.1 x lO-6/: C), depending on the aggregate type and the extent of moist curing. 
Limestone ag~regate with long-term moist curing gives the smallest coefficient, 
and the largest is associated with quartzite aggregate and no moist curing 
period. Be~anger (11) shows that the coefficient clearly decreases with age 
of concrete, although the data are limited to relatively young concrete. This 
change is probably a result of more complete hydration with time. Berwanger 
also showed that decreasing the water-cement ratio generally increased the 
temperature coefficient. 
The coefficient of thermal expansion of the aggregate is smaller than 
that of the cement paste, and the coefficient of the concrete mixture depends 
on the relative proportions of aggregate and paste. Rich mixes with large 
quantities of paste have higher coefficients than lean mixes which have large 
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1 aggregate/cement ratios. This may be the basic reason that Berwanger's data 
showed a variation with the water/cement ratio, since low water/cement ratio I mixes generally have relatively high paste contents, and low aggregate/cement 
ratios. 
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No temperature coefficient measurements were made on concrete from 
this structure while the concrete was young. Figure 3.10 is a graph showing 
the relationship between temperature and strain which was measured when the 
concrete was nearly eight years old, for a specimen that had been stored in 
the laboratory at 50 percent relative humidity for the entire life of the 
concrete. 
The temperature-induced strains in this old, dry concrete are linearly 
related to temperature over the entire temperature range of +75° F to - 16° F 
(+24° C to ~27° C). The coefficient of thermal expansion over this range was 
-6 -6 3.1 x 10 /0 F (5.6 x 10 /0 C). This coefficient is quite low, but it must be 
recognized that most of the reported values are for much younger concretes. 
The value if not inconsistent with values reported by Neville. 
The same graph also contains the measured strain-temperature line for 
concrete from the Douglas County test structure (2). That concrete was similar 
to that used in the Champaign County structure, and when it was one month old 
the coefficient of thermal expansion was 5.0 x 10-6/° F (9.0 x 10-6/° C). 
This temperature coefficient is probably more reasonable than the much 
lower value found for the very old concrete from the Champaign County test 
structure, and a coefficient of 5.0 x 10-6/° F (9.0 x 10-6/° C) has been used 
in the data reduction in this report. 
The kASHTO Specifications give a coefficient of thermal expansion of 
6.0 x 10-6/° F (10.8 x 10-6/° C), which tends to be near the upper part of 
the range expected for structural concrete. This value was used in computing 
the motion needed in the bearing devices, but it is not appropriate to use this 
value when better information is available for the specific concrete used in 
the structure. 
Some measurements were also made on a cylinder that had been stored in 
a fog room for the entire life of the concrete. The coefficient of thermal 
expansion for this material was about the same as that of the dry concrete for 
temperatures above 32° F (0° C), but at lower temperatures there was a marked 
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expansion rather than further contraction. The length changes below the freezing 
point of water were quite non-linear, and appeared to be somewhat dependent on the 
length of time that the concrete was exposed to the reduced temperature. This 
behavior seems to imply that the air void system in the paste phase of the con-
crete was completely filled with water during the very long period in the fog 
room, as moist air-entrained concretes which are not saturated do not exhibit 
this expansion while non-air-entrained cement pastes which are saturated 
definitely do exhibit expansion at low temperatures (12, 13). 
4. Observed Deformations of Test Structure 
4.1 Introduction 
The deflections and strains which occurred in the two instrumented 
girders of the structure were measured at appropriate time intervals so that 
a picture of the time-dependent response could be obtained. The instrumentation 
used was described in Chapter 3. Measured camber and deflection are presented 
in Sec. 4.2, and the strains in Sec. 4.3. 
Temperature related deformations are important in this structure 
at some reading intervals, and this data is presented as it is needed. 
The readings were taken at rather irregular intervals once construction 
was completed, and complete sets of readings were not always obtained. The 
bridge site is often wet and muddy, and the mechanical strain gage lines can-
not be reached by ladder under these conditions. The last set of mechanical 
strain gage readings was taken using an Illinois Department of Transportation 
"Snooper" bridge inspection vechicle which was able to provide access to the 
gage points while the vehicle was on the bridge deck. At other times high 
water prevented taking the deflection readings, which were taken from below 
the structure after the deck was cast. The mud made even the level rod 
positioning a difficult hip-boot job, and the easiest readings were made when 
there was ice under the bridge, but of course a ladder could not be placed on 
the ice. 
Some readings were also missed during the period when the deck form-
work was in place, or being built. The upper row of mechanical strain gage 
points was behind part of the formwork for the entire period. Other gage lines 
were behind form braces or obstructed by equipment at various times, and the 
graphs showing the mechanically measured strains have many irregular reading 
intervals. 
All data which is plotted versus time is referenced to the time of 
transfer of the prestressing force fram the bulkheads to girders BX-5 and BX-6. 
At this time the girder concrete was 3 days old, and the deck concrete was cast 
57 days later, when the girder concrete was 60 days old. 
Sec. 4.4 presents the measured creep and shrinkage data, together with 
some discussion of its significance. 
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4.2 Measured Deflection~ 
The beams developed some camber at release, and have retained positive 
camber since that time. The movements have been small at all stages. Camber 
is plotted versus time in Fig. 4.1 for both beams. The graphs shown three 
distinct phases in the behavior. Initially, there was an upward camber which 
increased with time. This was reduced by about 0.12 in. (3 mm) when the deck 
was cast, and after that there was a small additional loss in camber in the 
next month and a half, followed by a gradual increase. 
There was a small reduction in camber in the last few days before the 
deck was cast. This is believed to be due to the weight of the deck rein-
forcement . 
The deflections plotted in Fig. 4.1 are the changes in beam profile 
which occurred after the initial readings were taken while the beam was still 
on the prestressing bed, before the prestressing force had been transferred to 
the concrete. Level readings were taken on points near each end of the beam 
and at midspan~ and the deviation of the midspan point from a straight line 
connecting the ends was determined. The change in this deviation was taken as 
the deflection or camber. The deformations due to all causes are included. 
Changes in camber may be caused by changes in strain which occur as a 
result of changes in stress or as a result of creep and shrinkage of the con-
crete. Other changes may occur as a result of curvatures induced as a result 
of temperature gradients over the depths of the members. 
There were large temperature gradients in the girders when two sets of 
readings were taken, and small gradients at three other readings intervals. 
Large gradients existed for the readings immediately before and after transfer 
of prestress, and were a direct result of the method of steam curing that was 
used. In both cases the bottom of the beam was considerably warmer than the 
top, because the bottom of the formwork was heated by steam pipes under the 
forms. The beams were covered with plastic-coated canvas, but there was no 
heat applied to the upper part of the beam. 
When the initial temperature readings were taken before transfer of 
the prestressing force, the bottom midspan gage in BX-5 was 33.50 F (18.60 C) 
higher than the top gage. The midspan differential in BX-6 was 29.3° F (16.3° C). 
Bottom flange temperatures ranged from 78 to 97 0 F (26 to 36 0 C), from the 
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readings on six Carlson meters in the beams. Upper flange temperatures ranged 
from 55 to 65 0 F (13 to 180 c1. Tne t~peratures were fairly uniformly dis-
tributed, except that the east end of SX-6 was clearly colder than the rest of 
the members. BX-6 was at tile end of prestressing bed, farthest from the source 
of the steam heat. 
When the readings were repeated after transfer of the prestressing 
force, the temperature gradients were 24.1 and 19.60 F (13.4 and 10.90 C) in 
beams BX-5 and BX-6, respectively. The change came entirely from cooling of 
the bottom flange, as the top flange temperatures remained approximately the 
same. Temperature gradients never exceeded about 20 F (1 0 C) again until 
after the deck had been cast, and then never exceeded 70 F (3.9 0 C) at any 
later reading interval. 
Deflections due to the temperature differentials were computed, assuming 
-6 that the coefficient of thermal expansion of the concrete was 5.0 x 10 per 
degree F (9.0 x 10-6 per degree C), using the vertical spacing of the Carlson 
meters indicated in Figs. 3.2 and 3.3, and the span between the deflection 
measuring points near the ends of the beams. The computed downward deflections 
due to the temperature gradients are shown below: 
BX-5 BX-6 
in. rnm in. rrnn 
Before transfer 0.17 4.2 0.14 3.6 
After transfer 0.12 2.9 0.09 2.3 
These :t:::"T€ ra tu re induced deformations must be taken into account if 
the overall df'·~r:.d:ion of this structure is to be understood properly. Con-
sequently. the Cff~ection data plotted in Fig. 4.1 has been replotted in Fig. 
4.2, but y.',~", ',CJ->f' corrections made for the temperature deformations indicated 
in the table J~r ~ c~ove. The camber immediately after release has been reduced 
by the differer:p ~e:ween the values shown above, and all other values reduced 
by the deflec:~cr~ co~puted for conditions before transfer. Fig. 4.1 includes 
all movements occurring after the initial readings were taken. Fig. 4.2 shows 
the information which has to be compared with the theoretical deflections shown 
later. 
From Fig. 4.2, it appears that there has been only very s'mall movements 
of the girders, and that both beams have been both above and below their as-cast 
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posi.tions at various times. The reas.ona,bleness of the correcti.on for temperature 
induced deformations has not been firmly established, but it appears that the 
time-depenuent deflections have remained quite small. 
The curves show rather abrupt discontinuities between 20 and 37 days. 
The beams were moved by truck twice during that period, first from the pre-
stressing plant in Centralia, IL to a storage yard in Champaign, IL and then 
to the bridge site. Stresses caused by transportation have apparently made 
some difference in the trends of the curve. Discontinuities in curves have 
also been observed for both other bridges which have been studied as part of 
this project (1,2). 
No corrections to measured camber have been made to compensate for 
temperature differentials which existed on three occasions after the deck was 
cast. In each case, the deck was somewhat warmer than the girder, and the 
girder had either no or only a small temperature gradient, so the temperature 
distribution over the full depth was quite non-linear. The temperature gradients 
were small, and the induced movements in a three span continuous structure 
would have been much smaller than a similar simply supported span. 
4.3 Measured Strains 
4.3.1 Strains Measured with Carlson Meters 
Strains were measured at 18 locations using the Carlson Elastic Wire 
Strain meters which were described in Sec. 3.3.1. Six gages were embedded in 
the deck, and the other 12 in the girders. The data obtained may be used to 
gain information about the distribution of strains vertically at 6 different 
cross sections, and to study the distributions of strains along the length of 
the bridge. 
The electrically measured strains form the basic data for this structure. 
The strains were also measured mechanically, as discussed in the following 
sub-section, but measurements were taken less frequently because of access 
prob 1 ems . 
Strains are plotted versus time in Figs. 4.3 to 4.8. Each graph con-
tains curves for a strain meter located near the bottom of the girder, one 
located near the top of the girder, and one in the deck, and the exact locations 
of the gages are given in Figs. 3.2 and 3.3. The graphs are arranged so that 
the first is for the section near the west abutment, the second for the midspan 
section of the west span, etc, to the last section at the east end of the 
interior span. 
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All strains have been corrected for the measured temperature back to 
a standard base temperature of 700 F (21 0 C). Thi,s was done assuming a coef-
ficient of temperature e.xpansion of 5.0 .x 10-6F (9.0 x 10-6/ oC}, for the con-
crete, and using the temperature coefficient for the meters which was supplied 
by the manufacture~ The significance of the temperature correction varies 
widely at particular reading intervals. The initial readings at the time of 
transfer were made when the bottom flanges were considerably warmer than the 
top flanges. At some of the later time intervals, the concrete was much colder 
than the standard temperature, and in some cases the temperature corrections are 
a significant part of the total strain plotted in the graphs. 
Measured temperatures are plotted against time in Fig. 4.9, for two 
gages located at midspan of beam BX-5, one in the bottom flange and one in the 
deck. Except at the time of transfer, the top and bottom flange temperatures 
were nearly the same. 
The measured strains will be discussed in the next chapter. 
4.3.2 Strains Measured with Whittemore Gages 
Considerably less data were obtained using the Whittemore mechanical 
strain gages than from the Carlson strain meters, because of the access pro-
blems mentioned earlier. Readings parallel to those obtained from the Carlson 
Meters were made, and in addition strains were measured at many additional 
points so that other kinds of information could be obtained. Tne locations 
of the mechanical strain gage lines are shown in Figs. 3.4 and 3.5. 
Strains from strain gage lines located near the top, bottom, and 
centroid of the girder cross-section are plotted versus time in Figs. 4.10 to 
4.15, for six different locations in the bridge. The sections are about the 
same as were used for the Carlson meters, so that the information can be 
compared directly. 
Fig. 4.10 shows strains measured near the west end of beam BX-5, at 
the west end of the bridge. The gage lines plotted are WS13, WS33, and WS53, 
which are the third gage lines from the end of the beam, and the centers of 
the 10 in. gage lengths are 27.5 in (699 mm) from the end of the beam. These 
gage lines were selected so that they would most closely correspond to the 
sections where the Carlson meters were located. The top gage line trace, 
WS 31, exists for only a short interval since that gage line was within the 
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part of the beam embedded in the end cross beam of the deck. The trace for 
WS53 is similar to that shown for the bottom Carlson meter, in Fig. 4.3, 
although the readings are not identical. Differences of 100 x 10-6 strain 
exist at several time intervals. 
Similar comparisons can be made for other sections, and it will be 
found that the trends are generally similar for the two kinds of measure:rrents, 
but that the individual readings are often sorrewhat different. 
Most of the Whittemore strain gage data presented in the figures is 
the average of two or more readings. In general, readings on the two sides 
of the beams were averaged, and at the midspan section four readings were 
averaged. It is not possible to make any general statement about the deviations 
of the individual readings from the averages. In many cases the two readings 
were close to the saTre value, while in others the larger might be nearly 50 
percent greater than the smeller. 
The readings were examined to see if there was an indication of horizontal 
eccentricity of the pretensioning force, but no consistent indication of this 
was found. In some cases it appeared that initially equal readings became 
unequal as time passed, and some of this could be attributed to different 
exposure conditions on the north and south sides of beams while in the storage 
yards, although this could not be consistently done, either. 
In a few instances the strain readings were apparently indications of 
differences in the quality of the concrete at adjacent sections. At midspan 
of beam BX-6, the pair of strain gages just west of midspan consistently gave 
nearly identical readings which were substantially higher than the readings 
from the matching pair on the east side of midspan. The differences was nearly 
200 x 10-6 when the gages were read at 289 days. The only logical explanation 
would appear to be a change in the concrete properties within a very short 
distance at midspan. 
The strains measured by the two different types of gages agree well 
enough to allow one to use both sets of d~ta with equal confidence. In the 
two earlier bridges studied in this project, the Carlson strain meters had 
unfortunately been modified in an attempt to increase their strain range, 
and as one result did not work very well, giving readings corresponding to 
some relatively undefined gage length. That problem does not appear to exist 
with this set of data. 
1 
1 
f 
-[ 
i 
L 
[ 
i 
L 
I 
I 
r 
J 
-65-
Figs. 4.16 and 4.17 show additional data from the Whittemore strain 
gages. Fig. 4.16 illustrates the distributions of strains over the depth of 
BX-6 for five different sections.near tEte west end of the beam. The strains 
are for the reading intervalimmedtately after transfer of the prestressing 
force from the abutments to tEte 5eam. The strain distributions nearest the 
left side of the graph, which correspond to sectl~ons nearest the end of the 
girder;> are quite non-linear, while th.e two nearest the right side of the graph 
are relatively near the linear distribution of strains that is usually expected. 
The major non-linearities are a direct result of the anchorage of the 
prestressing force, by bond, near the top and bottom of the girder section. The 
strand locations are shown in Fig. 2.4. Another manifestation of this non-
linear strain distribution is the anchorage zone cracking that was observed 
near the ends of the girders. All of the girders in this bridge developed at 
least one anchorage zone crack, and the west end of beam BX-6, which is il-
lustrated in the Fig. 4.16 strain distributions, had two cracks when it was 
examined 14 days after transfer of the prestessing force, as noted in Sec. 3.6. 
The two nearly linear strain distributions are illustrations of the 
principle, attributed to St. Venant, that disturbances introduced at the end 
of a member are relatively well averaged out within a length of member equal 
to its depth. 
Fig. 4.17 shows distributions of strains along the lower flange of 
beam BX-6 for several different reading intervals. The strains were not quite 
symmetrical about the midspan axis of the beam, but the initial differences are 
not large. The strains at t~e west of the beam were larger than at the east 
end, and difference has tended to become larger at the later ages. 
There is apparently some difference in the concrete quality at the two 
ends of the beam, as it seem unlikely that there is a significant difference 
between the enviornments. The range of compressive strengths from the three 
beams cast March 4, 1972, as determined March 7, was not large, and did not 
show a consistent variation during the day. One factor that might have explained 
some difference turned out to be opposite of an explanation, as it was the 
east end of beam BX-6 that was colder than the remainder of the beam, at the 
end of the curing period. 
The area under the curves representing the longitudinal strain is 
essentially the change in length of the lower fiber of the beam, and this has 
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some influence on the design of the bearing devices. The crucial change in 
length is actually the cha~ge occurring after the beams are placed, which 
could be taken at 55 days for this case. These strains have been corrected 
for temperature movements, so the temperature induced changes in length are 
additional to those shown in Fig. 4.17. 
This member is not heavily prestressed, and the total shortening due 
to the initial elastic shortening plus the combined effects of creep and 
shrinkage average only a little over 0.0007 at 289 days. This is comparable 
to the change in length due to a 100° F (56 0 c} temperature change. The total 
change in length, Exclusive of temperature movements, is about 0.4 in (10 mm). 
4.3.3 Effects of Temperatures on Mechanically Measured Strains 
There appear to be some practically unreconcilable problems with the 
temperature compensations with the Whittemore gage readings. The readings 
plotted in Figs. 4.10 to 4.17, are all corrected back to the temperature at 
the time of the initial reading, but there is a serious problem in this case 
because of the initial temperature gradient across the beams. The readings 
were basically corrected to the initial temperature of the top flange, since 
the standard bar was placed on th.e top of the beam, and the thermometer in the 
bar gave about the same readings as were obtained from the Carlson meters 
embedded in the top flanges. 
The. use of the carbon steel standard bar to provide the basic temperature 
compensation introduces one error which is simply a function of the temperature 
range considered. The coefficient of thermal e~pansion for steel is 6.5 x 
10-6/oF (11.7 x 10-6/OC), while that for concrete is usually 5 to 5.5 x 10-6/oF 
(9 to 9.9 x 10-6/ oC). Thus there is a difference of 1.0 to 1.5 x 10-6/oF (1.8 
to 2.7 x 10-6/oC) between the temperature coefficients for the two materials. 
The Whittemore gage itself is fully compensated, and changing the temperature 
of the gage does not change the gage reading. 
The consequence of this difference can be visualized as follows: 
Assume a case in which there are no changes in length due to causes other than 
temperature changes, and there are no· external restraints to length changes. 
An increase in temperature of both concrete and steel of 30 0 F (16.7 °C) 
will result in an indicated strain of -50 x 10-6 in the concrete, while a 
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similar decrease in temperature will result in an indicated strain of· +50 x 
10-6 in the c'oncrete. This particular error could b.e corrected by using a 
standard bar which has a temperature coefficient identical to that of the 
concrete. Whether this error is stgnificant in a particular structure is a 
function of the temperature range over which readings are taken. 
A second error source wnic~ is much more signi.ficant in this structure 
is the problem of having taken one set of readings while the standard bar was 
at about 550F. (130 C), while the lower flange of the concrete was at about 
gOOF (32 oC). In this case the error in strain is the temperature coefficient 
of the concrete times the temperature differential, or a strain of 175 to 195 x 
10-6. The indicated strain would be tension in this case. It is important 
to recognize that the temperature coefficient of concrete is used directly in 
this case, rather than using the difference between the two temperature coef-
ficients. The sign of the strain actually depends on the sequence of readings. 
If the initial strain readings. were taken when the temperature difference was 
greatest, the indicated strain would be compression from later strain readings 
taken after the temperatures had stablized at the lower temperature of the 
standard bar. 
In order to try to overcome this problem, some of the data were re-
duced in a quite different manner. The strain gage readings were corrected 
to the values that would have been expected if the temperatures of the concrete 
and the standard bar were 70 0 F (21 oC), using temperature coefficients of 5.0 
and 6.5 x lo-9°F(9.0and 11.7 x lO-6/0C) for the concrete and standard bar, re-
spectively. These altered readings were then used in the normal data reduction 
process. The strains obtained for the section at midspan of beam BX-6 are 
plotted versus time in Fig. 4.18, and are from the same set of data plotted 
in Fig. 4.14. 
This rereduced data is rather different from the original, in several 
senses, but it is not entirely self consistent. The strains at the bottom of 
the section are considerably smaller than those plotted in Fig. 4.14. Most 
of the difference occurred early in the life of the structure, and can be 
traced to the elevated temperatures of the bottom flange when the initial 
two readings were taken. The strains in the top flange are not greatly dif-
ferent in the two cases, and they should not be expected to be significantly 
different since the temperature changes were much smaller. The strains at the 
centroid are clearly wrong, and the reason is not totally apparent. One factor 
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may be there ~as no measurement of the temperature at the centroid of the 
girder, and a 1 i.near variation was. assumed across the depth of the member when 
the gage readings were corrected for temperature. The centroid strains must 
be between those at the top and bottom of the section, and closer to the strains 
in the bottom flange, if the asswnption of plane sections remaining plane after 
bending is to be satisfied. Tne centroid strains appear generally reasonable 
until about the time the deck was cast. After that, they are clearly not reason-
able, as the strains at the centroid cannot exceed those in lower flange while 
the plotted graph indicates that th.ey do. 
This second method of reducing the data gave considerably better agree-
ment between the flange strains measured using the Carlson meters (Fig. 4.7) 
and those using the Whittemore gages. 
Only the strains plotted in Fig. 4.18 were corrected back to 70°F 
(21° C), because of the large amount of labor that would be required to achieve 
a somewhat questionable improvement in the reduced data. The data from the 
Carlson meters plus that from the Whittemore gages can be used to give some 
genera 1 t rends about the behavi or of the bri'dge, and that wi 11 be di scus sed 
in the following chapter. 
4.4 Results of Creep and Shrinkage Measurements 
Strains measured in the creep and shrinkage specimens are presented in 
Figs. 4.19 to 4.26. The data from specimens stored in the laboratory in a 
nominal 70 0 F (21 0 C), 50% relative humidity environment and from specimens 
stored outdoors are presented. Some data were also collected on specimens 
stored in a fog room, but the failure of a fogger device let these specimens 
dry out when they were a few months old and the data then became useless. 
Two types of information are presented. In the first set of four graphs, 
Figs. 4.19 to 4.22, the total stratns in the creep specimens and in the shrink-
age specimens are plotted versus time. The total strains in the creep specimens 
include the initial strains accompanying loading, the shrinkage strains that 
would have occurred even if the specimen were not loaded, and the creep strain. 
Figures 4.19 and 4.20 each contain two creep curves, since girder concrete creep 
specimens were loaded at the time the prestressing forces was transferred to 
the girders and at the time the deck was cast. 
The second set of four graphs, Figs. 4.23 to 4.26, gives the creep strains, 
and the shrinkage strains have been repeated at a larger vertical scale. The 
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creep strains were computed ustng a simple definition of creep, as follows: 
where E tota 1 
E 
cr 
Total strain measured in loaded specimen, starting from time 
immediately before loading. 
Initial strain occurring as an immediate effect of loading, 
Strain in companion specimen, identical to creep specimen 
except that it is not loaded, starting from immediately 
before loading creep specimen, and 
Component of total strain attributed to creep of concrete. 
The several components of the total strain are assumed to be independent 
quantities. All computations are done at particular time intervals, with 
both total and shrinkage strains measured at the same time. 
These definitions of creep and shrinkage may not be adequate for the 
material scientist, but they are convenient and satisfactory definitions for 
structural engineering uses. 
The measured initial strains, E;, are listed in Table 4.1 for the six 
sets of creep specimens. The Young's modulus for the girder concrete was 
obviously much higher than for the deck concrete. 
The strains plotted in the graphs are averages of a number of readings. 
Each creep rack contained three cylinders! each with three gage lines. Each 
point plotted on the creep curves thus represents the average of nine readings, 
except for the second creep rack of girder concrete stored under field con-
ditions. Only six readings were averaged for this case as the initial readings 
on one of the cylinders were wrong. 
There are five cylinders in each set of shrinkage specimens, and thus 
each point represents the average of 15 gage readings. Each large block of 
deck concrete that was instrumented for shrinkage measurements had 8 gage 
lines, and since there were three blocks each point is the average of 24 gage 
readings. This averaging greatly reduces the significance of an error in any 
sin g 1 e re ad i n g . 
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Table 4.1 Initial Strains, Ei , in Creep Specimens 
Loaded Lab Field 
(Days after Transfer) 
Girder Concrete 
0 day 0.000187 0.000230 
59 days 0.000210 0.000195 
Deck Concrete 
65 0.000380 
66 0.000350 
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The concrete deformation data can be used in several ways. It is clear 
from the curves that the total deformations in the loaded concrete were con-
siderably smaller in the field than in the laboratory conditions. It is also 
clear that the deformations of th.e girder concrete was smaller th.an of th.e 
deck concrete. 
The effect of the age of concrete at the time of loading is also illus-
trated for the girder concretes. The total deformations after the time of 
loading were much smaller for spectmens loaded when they were about two months 
old than for specimens loaded at three days. 
The effects of different variables just noted are consistent with other 
experience with concrete. At a given stress, a strong concrete will tend to 
creep less than a weaker concrete. A concrete in a dry environment (laboratory 
at 50 % R. H.) will tend to creep and shrink more than a similar concrete in a 
wet environment (outdoors in Central Illinois). Old concrete will creep less 
than young concrete. 
High cement contents and high water-cement ratios both tend to lead to 
high shrinkage strains, and in this case the shrinkage of the girder concrete 
exceeded the shrinkage of the deck concrete. Predicting which concrete would 
shrink most would be difficult because of differences in mix proportions, 
materials, and initial curing conditions. 
Additional information is obtained from Figs. 4.23 to 4.26, which show 
the creep strains versus time. Shrinkage strains are also shown, to a larger 
scale than previously. 
Comparisons of Figs. 4.23 and 4.24 shows several important things about 
the behavior of concrete. The creep of concrete stored in the laboratory was 
slightly greater than that of concrete stored in the field, but the differences 
are small, especially considering the greater ages. This is contrary to most 
prediction methods which attach considerable significance to the differences in 
the relative humidity of the two environments. The laboratory was controlled 
to be approximately 50% RH, while the outdoor environment is highly variable 
but averages about 70 % RH, on an annual basis. The European Concrete Corrrrnittee 
(CEB) method (14) leads one to expect about 20 percent more creep at 50 % RH 
than at 70%, while the actual difference is less than 5 percent for the girder 
concrete, at 1050 days, and considering either age at loading. 
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The deck concrete creep, at 458 days, was about 21 percent greater in the 
laboratory th~n in the field,which agress well with the CEB production. How-
ever, thi.s should not be taken as a confirmation of the CEB prediction method 
because the lab concrete was loaded one day earlier than the field concrete. 
The difference between eight and nine days age at first loading is only on the 
order of 3 percent for Type I cement, from the CEB prediction methods, but if 
the difference is valid, the creep of the laboratory speciJrens would have been 
about 17 percent greater than of the field specimens, if they had all been 
loaded at the same time. 
While the comparative results of the measurements on the girder and deck 
concretes seem somewhat contradictory, they are consistent with part of the 
results from the Douglas County test structure (2). In that bridge the lab 
and field specimens of girder concrete loaded at the time of transfer had nearly 
the same creep values. The creep in the laboratory specimens of girder con-
crete loaded at the time the deck was cast, and of deck concrete loaded when 
it was about a month old, was considerably greater than in campanion specimens 
kept in the field at the bridge site. 
Some other measurements were reported by Gamble and Mossiossian (3) 
that add an additional element to the picture. Some specimens from a single 
batch of concrete were mois~~cured, and some were steam cured, and then identical 
sets of creep and shrinkage specimens were kept in the laboratory and in the 
field in Urbana. The steam-cured concrete creep strains were comparable for 
both exposure conditions, with the laboratory strains slightly larger. The 
laboratory specimens of moist-cured concrete had considerably larger creep 
strains than occurred in the field specimens. These results are reasonably con-
sistent with the observed strains from the Champaign County bridge concretes, 
and had the added advantage of using the same concrete in all specimens. 
It thus appears that steam curing is in some way responsible for the 
differences between the creep-time characteristics of the girder and deck con-
cretes. It can be assumed that this is a function of the maturity of the con-
crete at the time of loading and the rate at which hydration continues after 
loading, but this has not been proven. 
The fact that the creep strains in the girder concrete were comparable 
in the laboratory and the field, while the total strains were quite different 
emphasizes the great difference in shrinkage in the two environments. The 
girder concrete shrinkage at 1054 days was 0.000670 in the laboratory, and 
-84-
0.000230 in the field. These two values do not tell the entire story, however, 
as the shrinkage in the laboratory increased fairly continuously for the entire 
period, while shrinkage in tne field was quite cyclic. The greatest measured 
value was about 0.000250, early in life of the structure, and a few months 
later a minimum of about 0.Q00065 was reached. The strain meas~red at any 
particular interval was clearly influenced by the time elapsed since the last 
rainy day. The strain-time relationship shown in Fig. 4.24 shows a very ir-
regular line during the first 125 days partially because there were many readings 
at frequent intervals. The later part of the curve is smoother partially be-
cause the reading intervals were much greater. At greater ages the concrete 
may not be so free to recover shrinkage when it is rewet, but this is not 
certain. 
The up-and-down trend of the shrinkage line for the deck concrete, Fig. 
4.26, was comparable to that of the girder concrete, at the same times. The 
shrinkage curve for the deck concrete cylinders ends rather early, and with it 
the creep curve, because same labels were lost from the shrinkage specimens and 
the identifications of the gage lines were lost. Several attempts at sorting 
out what appears to be a l5-piece jig-saw puzzle were made, but no consistent 
results were ever obtained. 
Figs. 4.25 and 4.26 contain shrinkage-time curves for both cylinders and 
for larger blocks of concrete. The initial shrinkage rate for the laboratory 
stored blocks was considerably less than of the cylinders, but the final strains 
were comparable. The shrinkage of the field-stored specimens was about the 
same for the entire period where both readings exist. There is a small tendency 
for the blocks to respond slightly more slowly to changes in the environment, 
but the trend is not strong. 
The strains plotted for the blocks are the averages of all readings, in-
cluding those taken on both top and bottom of the specimens. However, there 
was actually a strong strain gradient through the thickness of the blocks which 
were stored in the laboratory. The strains on the top surface, as cast, were 
about twice those on the bottom surface, and this cannot have been a function 
of the storage position since all specimens were stored on edge. There were 
some differences between top and bottom strains in the field-stored specimens, 
but the differences were neither as large nor· as consistent as in the laboratory 
specimens. 
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The strain gradient through the thickness of the large shrinkage 
specimens was probably a result of segregation of the constitutents of the 
concrete during casting and bleeding of mix water to the top of the concrete 
af.ter casting and striking off had been completed. The measured slumps ranged 
from 2.5 to 4 in. for the deck concrete, but the mix bled badly inspite of 
not having extremely high slump. This resulted in a strong gradient in the 
water-cement ratio through the thickness of the deck, and may have been ac-
companied by a gradient in the aggregate-cement ratio as well. Curvatures 
were computed from the measured strains. The curvatures did not develop very 
uniformly with time, but reached values of 40 to 50 x 10-6 Rad/in. (1.6 to 2.0 x 10-3 
Rad/m) at 1050 days in all three blocks. This causes some warping of the 
blocks, but the magnitude would not have been measureable in the 28 in. (711 mm) 
long specimen. 
The very small differences observed between the shrinkage of the 
cylinders and the larger blocks of deck concrete, under field conditions, must 
cause one to question the validity of the concept of size effects, under highly 
variable humidity conditions. 
Hansen and Mattock (15) conducted an extensive laboratory investigation 
of size effects, and use the parameter VIS = Volume of Concrete/Surface 
Area Exposed to Drying, which has a dimension of in. (mm). The 6 by 
1 2 in. (1 5 0 by 300 mm) cy 1 i n d e rs h a v e V / S = 1. 20 ; n . ( 30 . 5 mm), wh i 1 e the 
larger blocks have VIS = 2.15 in. (54.6 mm). The significance of the volume/ 
surface ratio diminisheswith time, and the relative time rates of shrinkage 
exhibited by the laboratory specimens (Fig. 4.25) are in reasonable agreement 
with Hansen and Mattock's data and their prediction methods. The field stored 
specimens do not exhibit this difference, and this is again consistent with 
experience with similar specimens from the Douglas County test structure (2). 
The European Concrete Committee recommendations take into account size 
through the use of a "theoretical thickness" which is exactly twice the volume/ 
surface ratio. The results of the CEB shrinkage prediction are similar to those 
by Hansen and Mattock in that the values are comparable, and the effect of size 
diminishes with time. However, at large times, the size retains more significance 
in the CEB prediction than in the Hansen and Matlock predictions. 
Neither method is adequate for highly variable humidity situations, where 
the concrete may shrink, and then recover much of the shrinkage at a later time 
when the lost water is restored. 
5. Discussion of Measured Deformations 
5.1 Deflections 
The measured deflections, which are plotted versus time in Figs. 4.1 
and 4.2, were small and erratic. The movements plotted in Fig. 4.1 include 
those due to substantial temperature gradients at the time of the initial 
two readings. Those movements due to the temperature differentials were 
taken out of the deformations·plotted in Fig. 4.2, using the best available 
techniques, but the final results do not appear entirely reasonable. 
The growth in camber immediately after transfer seems rather slow for 
BX-6, and the loss in camber for BX-5 during the same period is unreasonable, 
but it was in fact measured. The deflection measurements have been examined, 
and there do not appear to be any problems during this period of time. 
There were some deflection measurement problems between 40 and 50 days 
after transfer, after the beams were on the piers, and some points that were 
obviously in error were omitted from the graphs. It first appeared that the 
data had simply been recorded in the wrong columns of the data sheets, but 
no method of interchanging the numbers could be found that led to reasonable 
deflections, and the problem was apparently in either using the preclse level, 
which has a complicated internal optical vernier, or in recording the actual 
numbers. 
Figure 5.1 s.h::J.otS predicted camber-time curves for the two beams. The 
analysis describpd Dj Hernandez and Gamble (4) was used to find the camber. 
The creep an~ shrlnkd~e data from specimens stored in the field were used in 
the analysis, e~ce;t that the strain values were reduced somewhat to account 
for the larger s~ze of the beams, as compared to the creep and shrinkage 
specimens. The creep strains used in the analysis were 0.805 times those 
measured in the 6 by 12 in. (150 by 300 rrrn) cylindrical specimens, and the 
shrinkage strains were 0.78 times those measured in the test specimens. 
These factors are those given by the European Concrete Committee (CEB) (10), 
and are expressed in terms of the theoreti ca 1 thi ckness of the members, as was 
noted in Sec. 4.4. 
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The predicted increase in camber is considerably larger than was 
measured, and the predicted initial camber was somewhat greater than was 
measured, as can be seen in Figs. 4.1 and 4.2. The deflection due to the 
weight of the deck concrete was about the same as the measured value. 
The movements measured after the deck was placed were considerably 
larger than predicted, but the measured and theoretical values are not com-
pletely inconsistent. The predicted values of camber in the end and interior 
spans end at about the same values, and that is observed in the data from 
the bridge, considering the curves in Fig. 4.2 which have been corrected for 
the initial temperature gradients. 
The predicted increase in camber in the period immediately after 
transfer of the prestressing force is a direct result· of the unusual creep-
time curve shown in Fig. 4.24, as that curve was used as part of the input 
for the analysis program. 
5.2 Concrete Strains 
Theoretical concrete strains are plotted versus time in Fig. 5.2, 
for the locations of the bottom mechanical gage lines at midspan of beams 
BX-5 and BX-6. The strains were computed using the field creep and shrinkage 
data, modified as was noted above in the discussion of the deflections. The 
computed strains are in general agreement with the measured strains shown in 
Figs. 4.4 and 4.7. Those strains were measured with the Carlson meters. 
Mechanically measured strains are plotted versus time in Figs. 4.11 and 4.14, 
and there is general agreement but it is not as good as the agreement with 
the Carlson meter data, probably because of the unresolved problems with the 
initial temperature gradients in the beams. 
Most of the comparisons will be done with the Carlson meter data. 
The initial computed andmeasured strains agreed well, with the measured strains 
slightly larger than the theoretical values. The measured strains increased 
rather uniformly with time, while the theoretical strain trace has an abrupt 
peak at 14 days, as does the measured creep curve. There is a second abrupt 
peak at 57 days, just before the deck was cast, in both the theoretical and 
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measured strains, which indicates that there was some change in the environment 
which increased the creep of the concrete in both the girder and in the creep 
specimens. 
The presence of this second abrupt peak in both the computed and 
measured strain values does a good deal to increase confidence in the general 
validity of both the specific computer program used in the analysis, and in 
the general process used to relate measured concrete creep and shrinkage 
properties to the deformations of the bridge structure. 
Both the theoretical and measured strains show that casting of the 
deck caused only a temporary reduction in the compressive strain. The strains 
continued to increase after the deck was cast. However, the curvatures did 
not increase at a significant rate after the deck was cast, as the deflections 
did not change very much. 
theoretical curves show a recovery of strain 
after transfer, although the rates and times of 
peak strains do not agree very well. This is a result of recovery of shrinkage 
during the winter months following construction of the bridge, and there 
probably is some recovery in the following winters, but there is no data to 
demonstrate this. 
Both the measured and 
in the period before 300 days 
The theoretical strains are about the same in both end and interior 
span girders, while the measured strains are slightly higher in the end span, 
BX-5. This may be a result of slight differences in the concrete as a result 
of batch-to-batch variations. 
5.3 Steel and Concrete Stresses 
Figure 5.3 gives the theoretical variation in the stress in the pre-
tensioned reinforcement. There is no experimental measurement, since stress 
cannot be measured directly, and strain measurements cannot be interpreted 
to find stress by any direct means when relaxation is also present. However, 
the general agreement between the measured strains in the concrete and the 
theoretical values gives support to the validity of this calculation. 
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The theoretical stress remalnlng in the prestressed reinforcement is 
about 130 k/in.2 (896 N/mm2), while the designer assumed that the final stress 
would be 139.6 k/in.2 (963 N/mm2). At least part of this difference must be 
attributed to starting with a stress that was somewhat lower than intended. 
There had been great difficulty in stressing the strands uniformly, and 
especially in obtaining the required elongation of the draped strands, as was 
noted in Sec. 2.2.1. The initial stress of 158.1 k/in.2 (1090 N/mm2) was 
the measured value at the north end of the prestressing bed immediately 
before transfer of the force from the abutments to the concrete beams, from 
the results of the load-cell measurements. The design value had been 173.6 
k/in.2 (1197 N/mm2). 
This deficiency in the prestress value does not influence the safety 
of the bridge, as the flexural failure moment is not sensitive to variations 
in the prestress value after losses. This is true partially because the 
composite section is very under reinforced, and consequently the steel strain 
at flexural failure is very large, regardless of the pretension, and the 
failure stress is not influenced by relatively small changes in strain. The 
shear strength is somewhat influenced by the precompression remaining in the 
concrete, but there is ample shear reinforcement in this structure. 
The applied load to cause initial cracking is dependent on the 
remaining prestress force, and consequently, this structure would be expected 
to crack at a load slightly lower than the designer anticipated. 
The losses were re-evaluated using the current AASHTO (16) provisions, 
and the final stresses were predicted to be 133.8 k/in.2 (923 N/mm2), 
assuming that the initial stresses were correct. This is a loss of 23 percent, 
as compared to the 19.5 percent assumed in the original design. If the initial 
steel stress had been correct in this structure, the final steel apparently 
would have been slightly higher than the current AASHTO prediction. 
Figures 5.4 and 5.5 show predicted distributions of strain and stress 
across the depths of midspan sections of both beams. The beams were assumed 
to be initially identical in the analysis, and consequently there is only one 
set of data until after the deck has been cast and hardened. At 458 days 
after transfer, there are only minor differences between interior and end 
spans. 
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It is seen that there is only a very small change in curvature, which 
may be interpreted as the slope of the strain distribution as compared with a 
vertical line on the graph, in the period of time from immediately after the 
deck was cast to 458 days after transfer. The strains increased during this 
period, which indicates that the bridge got shorter, but there was only a 
very small change in predicted deflection, as shown in Fig. 5.1. 
There is a substantial change in the theoretical stress distribution 
over the depth of the girder after the deck is cast. During this time the 
deck shrinks, and creeps to a very limited extent, and the top fiber of the 
girder creeps rather extensively as a result of the increase in stress 
accompanying casting of the deck. The top of the girder also shrinks during 
this period, but this would normally be expected to be a small movement 
because of the greater age of the girder. If the compressive strains with 
time in the girder exceed those in the deck, compressive stresses will be 
induced in the deck, as apparently is the case here. As the stress in the 
deck increases, the stress in the top fibers of the girder decrease, and some 
of the compression force in the top of the girder may be thought of as being 
transferred to the deck. The deck stresses never become large, but there is a 
large area of concrete available so that the force in the deck is a significant 
part of the total compression force in the section. 
One of the unusual features of this stress redistribution is the small 
increase in ~reco~pression at the bottom of the girder, in spite of a minor 
reduction ~~ s:eel stress that occurred during the same time interval. 
In~s s~~ll 1ncrease in bottom fiber precompression can be understood 
by consider~r~ :he positions of the resultant compression forces in the con-
crete with t~~,. r~gure 5.6 shows these forces for the end span, beam BX-5, 
for condit~ors 1~d~ately after casting of the deck and at 458 days after 
transfer. ~~ese forces and positions are based on the theoretical stress 
distributions ~~own ~n Fig. 5.5. 
The co~pression forces C and T must be equal, and either force times 
the distance between them is the internal moment, which must equal the external 
moment. Immediately after the deck was cast, there was compression only in 
the girder, and the forces were as shown in Fig. 5.6 (b). 
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At 458 days, the total compression force was shared by the deck and 
the girder, with the two components having the values and locations shown 
in Fig. 5.6 (c). The force in the girder is smaller than before, but it is 
also lower in the cross-section. The effect of having the girder concrete 
force lower in the section, combined with the smaller force, resulted in the 
small net increase in the precompression at the bottom of the section, and 
the very substantial reduction at the top of the section. 
It may be noted that the internal moment at midspan of beam BX-5 was 
greater at 458 days than at the time the deck was cast. This is a result of 
continuity moments induced in the structure as the sections at the interior 
piers restrained the time-dependent changes in end slope which occurred as a 
result of creep and shrinkage strains occurring after the deck was cast. 
These moments were predicted by the computer analysis, but there is 
no field confirmation because of serious difficulties in measuring small 
changes in reactions with time. The predicted moments were negative for a 
short time after casting the deck, and were then generally positive and 
small for the remainder of the time considered. These restraint moments 
account for the difference in internal moments shown in Figs. 5.6 (b) and (c). 
6. Summary and Conclusions 
This report describes the results of long-term strain and camber 
measurements which were made on a composite prestressed highway bridge struc-
ture located in Champaign County, Illinois. Strains were measured electrically 
and mechanically in two girders of the three-span structure, and camber was 
measured using a precise level. The structure was a standard State of Illinois 
design with no unusual features except that the span diaphragms were omitted 
even though they would normally have been used at the time this structure 
was designed and built. 
The measured camber in the structure remained small over the entire 
period when measurements were made. The camber at 1067 days after transfer 
of prestress was less than 0.3 in. (7 mm), and was nearly stable. 
The instrumented girders had large initial temperature gradients over 
their depths because of the way the steam curing was done, and this compli-
cated the interpretation of the strain data. However, the measured strains 
agreed reasonably well with theoretical values which had been computed taking 
into account measured creep and shrinkage properties of the deck concrete. 
No direct measurement of the loss of prestress is possible in a 
structure which has relaxation in addition to the other sources of loss of 
prestress, but theore~~cal calculations indicate slightly larger losses than 
the designer ant~c~Pdt('d. using the 1969 AASHO Spec. The initial pre-
stressing force was lower than desired, because of problems with friction 
between the strands and the prestressing bed hardware in the very long bed, 
and this was a major source of disagreement between the expected and actual 
prestressing force. The 1977 AASHTO Spec leads to a larger loss of prestress, 
and a lower final stress. but in this case the final stress is apparently 
still lower than the current spec would lead the designer to expect. 
A strong non-proportionality between the prestressing force remaining 
in the reinforcement and the precompression stress in the bottom fiber of the 
girders was noted in the theoretical values. This was a result of redistribu-
tion of the internal compression force between the deck and girder concretes 
with time after casting of the deck. 
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The test structure is described in Chapter 2, as are the materials 
used in construction. The instrumentation installed in the bridge is described 
in Chapter 3, as are the creep and shrinkage specimens used to obtain basic 
information about the particular concretes used. Chapter 4 is a presentation 
of the measured deformation data, in both the structure and in the creep and 
shrinkage specimens. 
The measured deformations are compared with theoretical values in 
Chapter 5, and the significance of the observed movements is discussed. 
There are two recommendations for future work to improve the under-
standing of the long-term behavior of prestressed concrete structures. First, 
some additional work should be done to improve the compensation for tempera-
ture differences in interpreting the strain measurements made with mechanical 
gages. Second, ~.large amount of experimental work needs to be done in order 
to obtain a more complete understanding of the effects of environmental 
conditions on the creep and shrinkage of concrete, and especially the effects 
of a highly variable environment. 
It is also clear that the thermal coefficient of expansion of concrete 
is not completely understood at the present time. The effects of age and mix 
properties are not appreciated by the engineering profession in general, and 
the problems associated with freezing of saturated concrete need additional 
study. 
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